Water inrush accidents during coal mining still occur after reinforcement of fissured water bearing strata underlying coal seams through grouting, which seriously troubles field technicians. In order to further prevent the water inrush, especially the water inrush after grouting reinforcement, the grouting technique needs to be improved. Experimental design, theoretical analysis, and numerical simulation have been carried out in sequence. On the microscale level, the relationship between strains and water flow rate was analyzed through laboratory experiments; on the macroscale level, the propagation mechanism of grouting cracks resulting from the rock strata deformation during coal production was analyzed with rock beam theory, and then a new model of casing pipes preventing water inrush by controlling deformation of the floor rock strata is proposed. e laboratory test results show that the response of the radial strain and the water flow rate to mining operation is consistent and positively correlated and verify that it is feasible to reduce water inrush disaster by controlling deformation of the rock strata. e deformation governing equation of the casing pipes is deduced theoretically. At last, the numerical calculation was done to prove the effectiveness of controlling the floor rock strata deformation by the casing pipe group, which indicated that the displacement of the monitoring points after grouting is smaller than that before grouting practice. It is practicable to realize grouting technique optimization by the innovative adoption of the grouting casing pipes in the future.
Introduction and Background
Coal is still of crucial significance for the economic development in domestic China. However, lots of coal mines in China are suffering various groundwater disasters during coal production [1] , which is prone to be worse at greater mining depths due to the influence of high ground stress and high water pressure [2] .
Generally, there are mainly three key scientific issues concerning underground water threat during coal production, including the mechanism of water inrush [3] [4] [5] , the prevention approaches of water inrush [6, 7] , and the evaluation of grouting effect [8] . Specifically, there are many factors affecting water inrush such as formation pressure, productivity, geologic structures, and the water pressure in the confined aquifer, though the declining of constraints due to mining is the major cause of the water-conducting failure of the floor rock strata in the coal seams [3] . Indeed, the cracks filled with slurry have high strength under confining pressure to prevent water inrush [9] . Furthermore, in aspects of engineering deployment and effectiveness evaluation, the grouting practice results for a section of the APSE tunnel were analyzed [7] and the rock mass improvement due to cement grouting by Q-system at Bakhtiari dam site was evaluated [8] . Although there are three key scientific problems for scientific researchers, it is as a matter of fact that only one intractable and practical engineering problem as to a single coal mine, that is, to prevent water inrush to ensure operation safety. At present, the most commonly used effective method to prevent water inrush from the confined aquifers in coal seam floor is adopting grouting practice for the large groundwater flow mines mainly based on the theory of slurry diffusion radius [10] . In this paper, the engineering control of water inrush refers to grouting practice.
Indeed, it is very difficult to establish a unified theoretical criterion to guide the grouting practice, as the geologic conditions between di erent mining areas are varied. Aiming to clarify and smoothly solve the issues, a typical mine with a long history of investigation in Zhaogu mining area of China is selected. e water pressure of the Ordovician limestone aquifers in this area is up to 6 MPa, which makes mining operations dangerous and intractable. Over years, more than 70 accidents with water bursting volume greater than 600 m 3 /h have been reported, which caused huge economic losses and interfered the routine production.
e advanced grouting system still have to be deployed, though the operating costs of coal mine amount to be rather high, because adequate measures, regardless of costs, need to be implemented to ensure safety of mining operations. Under such circumstances, a new grouting method before mining is established in Zhaogu No. 2 coal mine, including ve parts: dispersed pulping, capillary slurry transport, using three-level casing pipes with di erent diameters xed together to prevent slurry spraying, multiple penetration and grouting, and complete coverage of grouting [11] . However, water inrush still occurs in some mining areas after grouting during production, such as Zhaogu I, Guhanshan, Jiulishan, Yanmazhuang coal mines, etc., which makes mine workers very puzzled.
Indeed, there are many literature statements about grouting, including grout di usion radius, grout composition and grouting materials. Grouting technique and instruments have made great progress with the advancement of science and technology. But it is not enough to solve the problem of water inrush induced by pregrouting fractures during coal production in this paper. As a result, a new approach of controlling propagation of grouting cracks to prevent water inrush by grouting casing pipes needs to be proposed. In this paper, the test is rstly designed to clarify the mechanism of water inrush induced by the pregrouting fractures penetrated by con ned water during coal production.
en, the in-site propagation mechanism of the cracks lled with cement slurry is theoretically analyzed. Finally, the method of preventing water inrush by grouting casing pipes through controlling grouting cracks propagation is proposed.
Test on Pregrouting Fractures Penetrated by
Confined Water during Mining Operations
eoretical Analysis of Failure Mechanism.
In the test, the ratio of con ning pressure to axial pressure is selected to illustrate the e ect of con ning pressure on failure. When the con ning pressure is greater than the axial pressure, the vertical ssure will be pressed and closed, and the radial strain will not increase. On the contrary, when the con ning pressure is less than the axial pressure, the vertical ssure will be expanded and the radial strain will increase. Here, Mohr-Coulomb theory is used to analyze the failure problem. As shown in Figure 1 , the rock sample contains a through-fracture, where the minimum principal stress is σ 3 , the maximum principal stress is σ 1 , the inclination angle of the through-fracture is β, the cohesion of the interface is c f , the internal friction angle is φ f , and the shear stress and the normal stress on the fracture surface are τ and σ, respectively. e fracture strength obeys the Mohr-Coulomb failure criterion, the equation is τ c w + σ tan φ w , and another form expressed with σ 1 and σ 3 [12] is as follows:
When σ 3 0, the cracks lled with cement slurry are subjected to force in only one direction, and the critical failure strength is
When σ 1 0, the critical failure strength of the cracks lled with cement slurry is
e strength of the interface between the cement slurry and rock is small. When stress is greater than σ f1 or σ f3 under the corresponding unidirectional stress state, the interface between cement slurry and rock in the fracture is destroyed, which is consistent with what is observed in the experiment.
Overall, the strength of the interface between cement slurry and rock is less than that of the rock itself and also less than the strength of the solidi ed grout cement. It is the weakest and most easily destroyed place in the reinforced rock masses. Stress relief is very important for crack propagation, and a through fracture is an important condition for water inrush.
Basic Problems and Instruments.
Many simulation experiments have been done for water inrush originated from the con ned aquifers under coal production, and many useful experimental phenomena and laws of water inrush have been discovered and interpreted [13, 14] . Generally speaking, the design of water inrush experiment requires three aspects: material simulation, in situ stress simulation, and hydraulic simulation. Correspondingly, there are three problems: (a) sealing and exerting high water pressure are very di cult; (b) it is di cult to determine similar materials due to the uncertainty of similarity ratio; (c) how to simulate mining operations after sealing. In view of these reasons, this paper chooses a three-axial test machine ( Figure 2 ). On the one hand, the machine can apply axial stress, con ning pressure and high water pressure the experiment needs; on the other hand, the machine can gradually reduce con ning pressure.
Geologic and Stress Conditions.
Water inrush is a ected by geologic conditions, hydrogeological conditions, and grouting e ect. A single working face in Zhaogu No. 1 coal mine is selected to be investigated, and its spatial forms of the working face and in situ stress conditions are shown in Figure 3 . e burial depth of this working face is about 700 m. Coal seam thickness T is about 6 m and the length of working face (L) in the dip direction is about 180 m. In the local coordinate system (xoy), two stresses, σ 1 and σ 2 , have their respective components in x and y directions, and these stress components play an important role in crack propagation and the deformation and failure of rock strata. According to the research results of an adjacent mine [15] , the average maximum principal stress σ 1 of the studied area is 28.51 MPa, the average intermediate (vertical) principal stress σ 2 is 16.44 MPa, and the average minimum principal stress σ 3 is 15.04 MPa. During the test, con ning pressure is set to be equal in radial direction, and mining operations is simulated by unloading con ning pressure, which is the direct inducement of the water inrush accidents [3] .
Preparation of Experimental Materials.
Test materials are obtained by drilling. e rock pillars with diameter of 50 mm and height of 100 mm are prepared in sequence by the coring machine, cutting machine, and grinding machine. Firstly, these rock samples were fractured by the test machine. Secondly, select the rock pillars with di erent fracture forms. (In fact, these broken rock samples can be selected after the strength tests as the pregrouting broken rock samples. In this way, it is not necessary to specialize in making fractured rock samples so as to kill two birds with one stone.)
irdly, improve the selected fractured rock samples by slurry.
ree kinds of rock samples with di erent fracture distributions are designed and selected (Figure 4) , and the rock samples before and after grouting are selected and shown in Figure 5 .
Experimental Procedure. Experimental materials and boundary conditions have been determined. Initiate the test.
At the beginning, the axial stress is set to 18 MPa, the con ning pressure is set to 25 MPa, and the water pressure is set to 6 MPa.
en, keep axial load constant and reduce con ning pressure gradually. Parameters such as con ning pressure, water pressure, water ow rate, and strains are monitored throughout the test. e stress state of pregrouting rock pillars in the pressure chamber is shown in Figure 6 .
Variation of the Water Flow Rate according to Di erent Fracture Patterns.
ree rock samples with di erent fracture patterns were tested, respectively. e water ow rate changes of three rock samples with di erent fracture distributions are recorded over time, and their curve changes are shown in Figure 7 . Obviously, the water ow rate of type III fractured rock sample linearly increased very slowly from the beginning to the end, while the water ow rate of type I and type II samples increased signi cantly, especially after 23 minutes. ere is a fracture through the bottom to the top in both type I and type II rock samples, but no such ssures in type III rock sample is observed. e test demonstrates that the grouting rock samples with vertical fractures through the rock pillar are easier to be penetrated by high pressure water when disturbed by mining activities rather than generating some new fractures.
Relationship between Water Flow Rate and Radial Strain.
Two parameters, water ow rate and radial strain, are recorded and their curves with di erent con ning pressure are plotted together. e curve changes of two quantities of type I grouting rock sample are shown in Figure 8 .
e process of con ning pressure decline is divided into three stages (Figure 8 ). In the rst stage (from 25 MPa to 17 MPa), strains and water pressure values do not increase as the con ning pressure is lowed. In stage II (from 17 MPa to 
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7 MPa), strain curves become uctuating, sensitive, and unstable, while there is only a linear increase in water in ow curve. In the third stage, the con ning pressure values are less than 7 MPa, the water ow rate curve has a large jump, and the radial strain curve also has two sharp increases, which shows that the feedback of these two variables to mining operations is consistent and positively correlated. More speci cally, when the con ning pressure is reduced from 25 to 7 MPa (Figure 8 ), radial strain curve presented an undulation change and water ow rate is increased steadily by 5.7% from 1523 ml to 1610 ml. When the con ning pressure is reduced to less than 7 MPa, the water ow rate is increased by 10.6% from 1610 ml to 1780 ml, and the radial strain is increased sharply by 16.2 times, from 0.01 to 0.172.
Propagation of Grouting Cracks during Mining Operations in a Real Coal Mine
ere are many research ideas to solve oor deformation and even failure, such as voussoir beam and key rock stratum [16] . ese mechanical models are usually based on elastic thin plate theory or beam theory of mechanics of materials.
In this paper, rock beam theory is selected to analyze rock strata deformation during coal production at the time of initial roof weighting. According to the geologic conditions of the studied area, the sketch map of strata, in situ stress, and water pressure is nished. e model of a rock beam with a unit width and h thickness before and after mining is shown in Figure 9 .
e strata are arranged sequentially before mining. After coal goaf area reaches a certain size, the oor rock strata under the coal seam are deformed, following by fractures propagation and failure. e bending moment M and the inner stress of rock beam can be derived according to the given boundary conditions. Under the joint action of in situ stresses and water pressure, the rock beam is deformed by the action of bending moment M, and the internal stress satis es the conditions in the x′oy′ coordinate system (Figure 9) :
where I z is the aerial moment of inertia, E is the modulus of elasticity, and ρ is the radius of curvature after deformation of the neutral layer.
e stress directions of the upper and lower strata of the beam are opposite. Generally, the upper stratum of the beam is subjected to tensile stress (y′ > 0), while the lower stratum is subjected to compressive stress (y′ < 0). So, when the internal stress σ is greater than the critical uniaxial strength of grouting cracks, the fracture is expanded and destroyed.
Mechanism of Preventing Water Inrush by Grouting Casing Pipes
Macroscopic deformation and microscopic strain are essentially consistent. Deformation of oor rock strata has great in uence on crack propagation, especially vertical fractures (Radial strain is usually used to measure vertical fractures in rock test). Grouting casing pipes can be used to prevent oor stratum deformation. It has been proved that the strength of steel pipes after being grouted with cement slurry can be greatly improved and have been widely used in roadway support, tunnel excavation, and other civil engineering elds [17, 18] . e schematic diagram of grouting casing pipes layout at a working face in Zhaogu No. 2 coal mine is shown in Figure 10 (a).
Select a casing pipe for analysis. A simpli ed action model of the casing pipe is established (Figure 10(b) ). e casing pipe is divided into two parts. One part is in intact rock area, with relatively stable stress conditions, and regarded as a xed end; the other part is located in disturbed rock stratum, and it is just this part in lled with slurry that prevents rock stratum deformation by its own bending resistance. Overall, the part in the disturbed area moves upward to prevent oor rock stratum deformation. e equation of relationship between M and σ can be derived, as shown in Figure 10 (b). e casing pipe is divided into two parts at point N, the disturbed part l d and the other part in the intact zone l o .
A di erential element with a width of dr is taken at point (x, y). Normal stress is distributed on the di erential element section of the casing pipe, and the normal stress of the casing pipe at this point is σ α (x, y). e bending moment dM α generated by the normal stress in the di erential unit at point N is
where d is the diameter of the casing pipe and r |y/sin α|.
So, the total bending moment M α at point N caused by the normal stress acting on l d part is
e relationship between normal stress and bending moment under bending condition is
e maximum bending strength of the casing pipe is where [σ] is the bending allowable stress and W is the bending section coe cient of casing pipes. us, as long as the maximum strength of grouting casing pipes is not exceeded, these long grouting casing pipes group can play an important role in controlling oor stratum deformation. e e ect of casing pipes in a practical grouting project will be veri ed by the following numerical calculation.
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Numerical Solution of Rock Stratum
Deformation before and after Using Grouting Casing Pipes
Numerical Model and Basic Parameters.
In the rst 500 m of the studied mining area, 12 drill sites and 72 drill holes are designed. e average length of each drill hole is 170 m, and the designed drilling length amounts to 12240 m. e schematic diagrams of the grouting casing layout are shown in Figure 11 .
According to the eld conditions, the established model is 700 m long, 180 m wide, and 210 m high. Considering the convenience of calculation, the layout of grouting casing pipes is simpli ed and the numerical model is established as shown in Figure 12 .
e stress boundary conditions including water pressure in the numerical calculation is consistent with the boundary conditions of the above test. Referring to the previous relevant studies in this mining area [19] , the mechanical parameters of coal seams, roof, and oor strata are appropriately modi ed for convenience of calculation and listed in Table 1 .
Seamless steel pipes with a diameter of 127 mm are adopted, with elastic modulus of 200 GPa, cross-sectional area of 3403 mm 2 , tensile strength of 245 MPa, extrusion strength of 95 MPa, and internal compression strength of 98 MPa.
Displacement Analysis of Monitoring Points.
Simulate the dynamic excavation process. Each excavation is 50 m with 2000 steps, and the excavation sequence is shown in Figure 13 . Two measuring points, Point I and Point II, are arranged in the oor rock masses, and the distances from coal seam oor to these two points are, respectively, 2 m and 15 m. 
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e displacement changes of two monitoring points with and without casing pipes are shown in Figure 14 .
As shown in Figure 14 , during the first excavation, the monitoring points show that the rock strata near the monitoring points are compressed downward in the first 2000 steps. en, during the second excavation, the monitoring points show that the rock strata move toward the goaf because the stress above the monitoring points is relieved due to mining activities, and this upward deformation continues in the next several excavations. Specifically speaking, the displacement of point II is less than that of point I, and the displacement of the monitoring points after grouting is smaller than that before grouting, which indicates that grouting casing pipes can effectively prevent deformation of rock masses.
Conclusions
First, on the microscale level, the laboratory experiment on the pregrouting fractures penetrated by confined water during mining activities was designed and completed, according to in situ stress conditions and rock samples drilled from coal seam floor rock strata. e results show that the response of the radial strain and the water flow rate to mining activities is consistent and positively correlated. More specifically, when the confining pressure is reduced from 25 to 7 MPa, the radial strain curve presented an undulation change and the water flow rate increases steadily by 5.7%. When the confining pressure is reduced to less than 7 MPa, the water flow rate increases by 10.6% and the radial strain increases sharply by 16.2 times. At the same time, the Mohr-Coulomb theory is adopted to analyze the failure problem. When stress is greater than σ f1 or σ f3 under the corresponding unidirectional stress state, the interface between cement slurry and the rock mass in the fracture will be destroyed, which is consistent with what is observed during the experiment. en, on the macroscale level, the propagation mechanism of grouting cracks due to the deformation of coal seam floor rock strata during mining was analyzed by rock beam theory.
en, a new model of the grouting casing pipes preventing water inrush through controlling deformation of the floor rock strata is proposed, and the deformation governing equation of the casing pipes is deduced theoretically.
At last, the numerical calculation was done to verify the effect of controlling the floor rock strata deformation by the casing pipes group. e displacement of point II (15 m away from coal seam floor) is less than that of point I (2 m away from the coal seam floor), and the displacement of the 
Discussion
is study is based on the special geologic conditions and the layout features of many grouting casing pipes arranged in the floor rock masses and focused on explaining the mechanism of water inrush from the pregrouting fractured rock masses, while a new idea of preventing water inrush by considering the bending resistance of long grouting casing pipes is proposed. However, there is still a lot of work to be done, such as increasing the number and the fracture patterns of rock samples, optimizing mechanical model, and carrying out numerical calculation of casing pipes with different angles. e advice, guidance, and contribution of peer experts are really inseparable. 
Data Availability
e data used to support the findings of this study are included within the article.
Conflicts of Interest
e author declares that there are no conflicts of interest regarding the publication of this paper.
